Abstract The Kuroshio Current is a major global ocean current that drives the physical ocean-atmosphere system with heat transport from tropical to temperate zones in the North Pacific Ocean. We reconstructed the variability of the Kuroshio transport over the past 150 years using coral skeletal nitrogen isotopic composition N coral suggested that the Kuroshio transport varied with~25 year cycle, and the amplitude became more stable, and the volume was intensified through the twentieth century. The Kuroshio transport was intensified by the La Niña state in the early 1900s and by the El Niño-PDO state after the 1920s. Our results suggested that the Kuroshio transport was influenced by the combined climate modes of ENSO and PDO during the last century.
Introduction
The atmosphere-ocean interaction is particularly strong over western boundary currents and directly influences global climate variability. The Kuroshio Current is located on the western ridge of subtropical gyre in north western Pacific. The El-Niño-Southern Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO) play a key role in the climate variability of the subtropical gyre and the behavior of the Kuroshio Current [Hu et al., 2015; Kashino et al., 2009; Qiu, 2003] . The circulation of ENSO signals into midlatitudes through the Kuroshio Current has been reported by partial ocean physical data in the latter part of the twentieth century [Qiu and Lukas, 1996; Yamagata et al., 1985] . The Aleutian Low is intensified by a positive PDO and strengthens the Kuroshio extension jet [Qiu and Chen, 2010] , which spins up the subtropical gyre [Hanawa and Kamada, 2001] , upstream of the Kuroshio Current. However, the variations of the past Kuroshio Current have not been well understood, as the observation data are limited to 40 years. Although sea surface temperature (SST) reconstructions from sediment cores suggested that the Kuroshio axis has fluctuated with the North Pacific climate variability on millennial time scales [e.g., Sawada and Handa, 1998; Ujiié et al., 2003] , there is no record of Kuroshio variability on a comparative time scale with a decadal climate mode such as ENSO and the PDO.
Coral skeletons have been widely used as a high-resolution paleo-environmental recorder at decadal to millennial time scales in different windows of geological time [e.g., Cobb et al., 2003; Watanabe et al., 2011] . The heat and water transport of the Kuroshio Current supports the tropical reef corals thriving in the temperate areas along the Pacific coast of Japan. Conventional geochemical approaches using coral Sr/Ca and δ
18
O can deduce SST and salinity changes, which are also associated with the high saline and warm Kuroshio Current. However, additional factors such as local precipitation, air temperature changes, or coral growth effects may also influence coral geochemical proxies.
The western boundary currents transport not only heat northward but also nutrients to the surface ocean along the current axis, which is described as the "nutrient stream" in the North Atlantic [Pelegrí et al., 1996] .
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A This dynamic system also influences marine production and ecosystems in the Northern Hemisphere. The upwelling along the Kuroshio path and extension areas is caused by the turbulence on the northern ridge of the Kuroshio axis [Nagai et al., 2012; Kaneko et al., 2012] . The turbulence is enhanced by frontogenesis and the associated secondary ageostrophic circulation, in addition to the symmetric instability between warm and cold water mass encountered at the Kuroshio front [D'Asaro et al., 2011; Nagai et al., 2009 Nagai et al., , 2012 and the interaction between the Kuroshio jet and internal waves [Rainville and Pinkel, 2004] . The larger gradient of water density with the larger volume of Kuroshio enhances the turbulent mixing. The nitrate supply along the Kuroshio axis has been observed from the East China Sea to the Pacific coast of Japan [Kaneko et al., 2013; Guo et al., 2013] . δ 15 N nitrate in the subsurface water of the north Pacific subtropical gyre is +2-+3‰ [Liu et al., 1996; Casciotti et al., 2008] . δ 15 N nitrate in the surface water has larger values than that in the subsurface due to the isotope fractionation caused by the nitrate consumption by primary producers. The mixing at the Kuroshio front supplies lower δ 15 N nitrate to the surface. Our use of δ 15 N coral has been recently established as a marker of the isotopic composition of oceanic nitrate that is assimilated by coral-symbiotic algae [Yamazaki et al., 2011] , which are preserved over geological time [Muscatine et al., 2005; Yamazaki et al., 2013] . δ 15 N coral used as a nutrient proxy could directly reveal important aspects of the history of the Kuroshio Current. Therefore, we demonstrate the variability of the Kuroshio transport over the past 150 years using a novel approach of δ 15 N coral related to nutrient dynamics on the Kuroshio front.
Materials and Methods

Coral Core Samples
Tatsukushi Bay, Kochi, Japan, is on the northern ridge of the Kuroshio Current and before the beginning of the meander current (Figure 1 ). On 13 October 2008, we drilled coral cores (ϕ6.4 cm) from a 1.5 m high live Porites lutea colony at a 3 m depth in Tatsukushi Bay (N32°46′38″, E132°52′13″), which is on the northern habitable limit of a long-living Porites colony (Figure 1 ). To minimize the chronological uncertainty, three coral cores were drilled side by side from the top of the continuous growth lines of the same coral colony. The coral cores were cut into 5 mm thick slabs. Clear annual bands are expressed in X-radiographs ( Figure S1 in the supporting information). A total of 216 annual bands were counted across the three cores, and analytical lines through 150 years were determined ( Figure S1 ), excluding the bottom cores where dark and discontinuous annual bands were possibly altered by diagenesis (dissolution).
Age Model
The age model of the coral specimens was determined by comparing the couples of low-and high-density bands and the seasonal variation of coral δ 18 O carbonate ( Figure S1 ). The variation in coral density was depicted by grey scale values of the X-radiographs using ImageJ [Japan Meteorological Agency, 2013a, 2013b]).
Nitrogen Isotope Analysis
Subsampling was performed at 3 mm wide by 5 mm thick by 3 mm intervals at a subannual to annual resolution along the maximum growth axis to obtain 30-40 mg of coral powder. To remove the extra organic matter in the coral powder, the subsampled powder was treated with NaOH (2N, 60°C) for 3 h and rinsed using Milli-Q water [Yamazaki et al., 2013] . A nitrogen isotope analysis of the dried powder samples was performed based on chemical conversion methods [Yamazaki et al., 2011] . This method involves oxidation/reduction methods such as the oxidation of organic nitrogen to nitrate using persulphate [Knapp and Sigman, 2005; Tsunogai et al., 2008 Tsunogai et al., , 2010 , reduction of nitrate to nitrite using spongy cadmium, and further reduction of nitrite to nitrous oxide using sodium azide. Wet conditions were maintained throughout the chemical treatments to avoid the evaporation of dissolved organic nitrogen, which would affect the δ Organic nitrogen in the coral skeletons was first oxidized to NO 3 À using persulphate under alkaline conditions. The coral skeletal powder (28 mg) was decalcified with 0.6 mL of 1N HCl in 30 mL Teflon bottles for 2 h. Then, followed by adding 0.4 mL of deionized water (DIW) and 50 μL of oxidizing reagent (peroxodisulphate [Tsunogai et al., 2008] ). The Teflon bottles were capped tightly with Teflon screw caps and autoclaved for 1 h at 121°C. After the samples were cooled for 8 h, needle crystals of CaSO 4 were deposited. A 1 mL volume of the sample solution, excluding the CaSO 4 crystals, and 9 mL of DIW were pipetted into 10 mL vials with butyl rubber caps. We used random two coral powder samples to add internal standards, including L-alanine (δ 15 N = +1.78 ± 0.06%AIR), L-histidine (δ 15 N = À7.96 ± 0.05%AIR), and tuna flakes (δ 15 N = +12.55 ± 0.06%AIR). Organic nitrogen standards diluted with DIW (400 μM-N) were oxidized to NO 3 À using the same methods. The internal standard samples contained the organic material of the coral skeletons (1 mL), 400 μM-N (1 mL), and 8 mL of DIW in 10 mL vials. Next, NO 3 À was reduced to NO 2 À by adding 0.5 g of spongy cadmium to each vial, followed by 0.3 g of NaCl and 0.1 mL of a 1 M NaHCO 3 solution to yield a final pH of approximately 8.5. The samples were then shaken for 5 h on a horizontal shaker at a rate of 2 cycles/s. Subsequently, NO 2 À was reduced to N 2 O using sodium azide. Then, 10 mL of the samples was decanted into a clean 20 mL vial and capped tightly with a butyl rubber cap. After purging with helium to evacuate the air from the headspace and the sample solution for 2 min, 0.4 mL of azide/acetic acid buffer was added to each vial via a syringe, and the mixture was shaken. After 2 h, the solution was made basic by adding 0.2 mL of 8 M NaOH with a syringe and shaking to prevent residual HN 3 from escaping into the laboratory during the subsequent isotopic analysis. These chemical treatments were performed under wet conditions to prevent the evaporation of dissolved organic nitrogen, which would affect the δ 15 N values obtained after the re-drying process after acid treatment and to recover all of the nitrogen in the skeletons.
The stable isotopic N 2 O composition was determined using our continuous-flow isotope ratio mass spectrometry (CF-IRMS) system [Tsunogai et al., 2008; Konno et al., 2010; Hirota et al., 2010] , which consists of an initial helium purge and trap line, a gas chromatograph (Agilent 6890), and a Finnigan MAT 252 (Thermo Fisher Scientific, Waltham, MA, USA) with a modified Combustion III interface. δ 15 N values were determined relative to δ 15 N of air. The standard deviation of the coral sample measurements was less than 0.2‰ (σ, n = 4) [Yamazaki et al., 2013] . O nitrate ) isotopes were performed using an automated analytical system with continuous-flow isotope ratio mass spectrometry (CF-IRMS).
Results and Discussions
Nitrate Source of Tatsukushi Bay
Nitrate sources for Tatsukushi Bay are terrestrial input and seawater from the offshore. Salinity in the seawater samples from the coral sampling site was 34.223, which is most likely unaffected by river water and terrestrial input (Figure 2a) . Nitrate concentrations outside of Tatsukushi Bay were~1 μM higher than inside, which suggests that the nitrate source is outside the bay and that nitrate is consumed in the bay (Figure 2a [Felis et al., 2010; Watanabe et al., 2014] . We also applied a 3 year running mean to the all time series to suppress local high-frequency variability in the coral geochemical records and to enhance the common signal between Kuroshio and Pacific climates on interannual to decadal time scales.
The 3 year running mean of the variation of δ 15 N coral and the natural logarithm of the Kuroshio transport showed a negative correlation during 1972-2007 (Figures 3 and 4 ; R = À0.69, P < 0.001). This result suggests N coral and the logarithm of Kuroshio transport (R = À0.69). The P value (P < 0.001) was estimated by a Monte Carlo simulation with a thousand surrogate time series, using a phase randomization technique [Kaplan and Glass, 1995] . In this method, absolute Fourier amplitudes (square root of spectra) for the physical climate data such as Kuroshio transport time series were estimated, and then 1000 surrogate time series are generated by an inverse Fourier transform with the observed Fourier amplitudes and randomized phases. suggests that the Kuroshio transport has been intensified by the La-Niña state during the most recent 12 years. The linear relationship corresponding to this correlation was used as a proxy for the Kuroshio transport to reconstruct the records of the Kuroshio transport for the past 150 years.
Reconstructed Kuroshio Transport Throughout the 150 Years
Throughout the 150 years studied, the Kuroshio transport periodically decreased every~30 years: between 1890 and 1910, in the 1930s, in the late 1970s, and in the early 2000s with the shift in the climate mode controlling the variation in the Kuroshio transport (Figures 5a and 5b) . The spectral analysis using the multitaper method confirmed that a 25.6-year cycle is significant in the annual δ 15 N coral record ( Figure S5 ). The timing of the decreasing Kuroshio transport in the 1930s and late 1970s corresponded to a simultaneous bidecadal and pentadecadal regime shift weakening the Aleutian Low [Minobe, 1999] . These minima of the Kuroshio transport gradually increased by 7%, 15% and 21% compared with the early 1900s (Figure 5b) . However, the maxima of the Kuroshio transport increased from 40.6 × 10 6 m 3 /s in the 1880s to 47 × 10 6 m 3 /s in the late 1930s. The maxima of the Kuroshio transport then slightly decreased (by 5.6%) in the early 1980s. The Kuroshio transport was intensified, and its amplitude became smaller. These results suggest that the Kuroshio transport has gradually become stronger and more stable over the past 100 years. Previous climate model studies and reanalyzed observation data also showed the warming and acceleration of the western boundary currents resulting from the intensified wind stress curl from increased atmospheric CO 2 [Wu et al., 2012; Sakamoto et al., 2005; Saenko et al., 2005] . The North Pacific Subtropical Gyre, including the Kuroshio Current, is driven by the westerly jet and trade wind on the ridge of the Hadley cell. The stabilization of the Hadley cell resulting from global warming [Lu et al., 2007] might have stabilized the Kuroshio transport.
The Relationship Between Kuroshio and ENSO-PDO States
To clarify the relationship between the variation of the Kuroshio transport and the ENSO-PDO state for 150 years ( Figure S6) , a wavelet coherence analysis [Grinsted et al., 2004] was performed between the annual SST index correlated negatively, which we described as the El-Niño mode (Figure 5c ). The El Niño mode suggests that the Kuroshio transport increased with a warming state in the eastern tropical Pacific. The El-Niño mode oscillated on~10-year frequencies, while the El-Niño mode after the 1980s oscillated on a period between 4 and 7 years ( Figure 5c ). In Figure 5d , δ 15 N coral and the tree ring PDO index are negatively correlated through the twentieth century, especially starting in the late 1930s, in period of~16-year and~30-year. δ 15 N coral variation suggested that the Kuroshio transport increased with both the El-Niño state and the PDO positive mode, but the relationship is rather uncertain before 1930 and might have been opposite. These results suggest that the climate modes that influence the Kuroshio transport have been unstable and have changed over the past 150 years.
The climate modes influencing the variation of the Kuroshio transport appear to have changed during the 20th century ( Figure 6 ). From the 1900s to 1920s, 4-7 year cycles of warming in the western tropical Pacific, known as the La Niña state, increased the Kuroshio transport. Kuroshio current could be intensified due to stronger easterly trade wind on North Equatorial Current in La Niña state (Figure 6a ). The Pacific decadal variability is the basis of the~20 years of variability of the Kuroshio transport since 1940. This decadal change might be generated by the intensity of the winter Aleutian Low [Trenberth and Hurrell, 1994] , and the effect was conveyed to the Kuroshio path in the northwestern Pacific. In addition to the PDO variability, the El Niño state has also increased the Kuroshio transport since the 1960s (Figures 6b and 6c) . The bifurcation latitude of the North Equatorial Current separated into Kuroshio and Mindanao Current shifts northward from Northeast off Philippines to Luzon strait in positive PDO and El Niño state [e.g., Qiu and Lukas, 1996; Qiu and Chen, 2010; Hu et al., 2015] . As a result, Kuroshio transport is weakened at east of Luzon strait [Kashino et al., 2009] but intensified northeast of Taiwan and downstream [Wu, 2013] . Additional work is required to understand the Kuroshio Current system with respect to the interannual to decadal climate variability of the northern Pacific and the future influences of global warming.
